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Abstract. Recent DIII-D [J.L. Luxon, et al., Nucl. Fusion 43, 1813 (2003)]
experiments show a correlation between the extent of overlap of magnetic islands
induced in the edge plasma by perturbation coils and complete suppression of Type-I

edge localized modes (ELMs) in plasmas with ITER-like electron pedestal collisionality
V: ~0.1, flux surface shape and low edge safety factor (g, ~3.6). With fixed n=3

resonant magnetic perturbation (RMP) strength, ELM suppression is obtained only in a

finite window in the edge safety factor (gg5) consistent with maximizing the resonant

component of the applied helical field. ELM suppression is obtained over an increasing

range of ¢gs by either increasing the n=3 RMP strength, or by adding n=1

perturbations to “fill in” gaps between islands across the edge plasma. The suppression of
Type-1 ELMs correlates with a minimum width of the edge region having magnetic
islands with Chirikov parameter >1.0, based on vacuum calculations of RMP mode
components excluding the plasma response or rotational shielding. The fraction of
vacuum magnetic field lines that are lost from the plasma, with connection length to the
divertor targets comparable to an electron-ion collisional mean free path, increases
throughout the island overlap region in the ELM suppressed case compared with the

ELMing case.
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I. INTRODUCTION

In the high confinement mode (H-mode) tokamak plasmas needed for sufficient
energy gain to extrapolate to attractive power producing reactor scenarios, the plasma
edge produces bursts of particles and energy, due to MHD instabilities driven by the
steep H-mode edge pressure and current gradients, that are large enough to produce
significant erosion of plasma material interaction surfaces [1]. These edge localized
modes (ELMs) are nonlinear explosive instabilities [2] that can carry on the order of 20%
of the edge pedestal stored energy from the closed, well confined flux surfaces onto open
field lines that intersect material surfaces [3]. Extrapolations of ELMs to ITER [4]
indicate that the fractional energy loss that can be tolerated without excessive erosion of
the target surfaces must be reduced to of order 1% of the pedestal plasma stored energy
[5]. The viability of future tokamak reactors operating in H-mode requires techniques to
produce at least this factor of 20 reduction in the magnitude of the ELM heat and particle
fluxes compared with present experiments while retaining the high energy confinement
of the core plasma.

This paper presents physics analysis of plasmas with a lower single-null (LSN) ITER
similar shape (ISS) and pedestal electron collisionality [49] similar to ITER, V: ~0.1, in
which resonant magnetic perturbations (RMPs) within the H-mode plasma edge, from
currents in external perturbation coils, produce at least the required reduction in Type-I
ELM [6,7] magnitude needed for projections to future devices. Application of RMPs is
just one of many techniques under investigation for ELM control including pellet ELM
pacing by the ASDEX-U group [8], ELM pacing using temporal magnetic triggering by

the TCV [9] and ASDEX-U [10] groups, various small ELM regimes at JT60-U [11],



ASDEX-U [12], NSTX [13,14], JET [15], C-Mod [16], JFT-2M [17], and DIII-D [18],
and ELM-free operation in QH-mode [19-23]. Pioneering work on the effect of edge
stochastic fields in circular limited plasmas was done by the TEXT group [24-28], by the
Tore-Supra group [29,30] and references therein] and by the TEXTOR group [31-33].
Summaries of work on stochastic magnetic fields in fusion devices can be found in Refs
[34] and [35]. There is also recent work with n=1 RMP fields at JET [36]. The recent
DIII-D experiments achieved complete suppression of Type-I ELMs at low collisionality
in the ISS configuration for a range of plasma conditions [37,38]. ELM suppression was
also seen previously in low collisionality plasmas with a lower triangularity shape [39-
42] and in higher collisionality plasmas with a more nearly double-null shape [44-47].
The present experiments extend the range of parameter scans, in particular in
combinations of n=3 RMPs with applied n=1 fields, in an attempt to test a simple
picture of the dependence of ELM suppression on the degree of magnetic island overlap
in the plasma edge.

The paper is organized as follows. A description of the experimental conditions and
parameter scans is given in Sec. II. The experimental results are given in Sec. III in the
context of both the peeling-ballooning stability analysis of the ELMs [48] and a simple
picture in which the width of the region with good overlap of magnetic islands in the
edge plasma, produced by the RMP coil currents, correlates with the achievement of the
necessary reduction in ELM magnitude. In these experiments, the region of island
overlap was changed by varying a number of different factors including the strength of
the applied perturbation fields and the magnetic geometry in the edge plasma. A

discussion of the experimental results including a comparison with theoretical



expectations is given in Sec. IV. Conclusions and plans for future studies are presented in

Sec. V.



II. DESCRIPTION OF EXPERIMENTS

For the experiments reported in this paper the plasmas had an ISS and divertor
pumping to control the plasma density so that the pedestal electron collisionality,
V: ~0.1 was close to the value expected in ITER. Since the edge stability has a strong
dependence on both shape and collisionality (through the bootstrap current) the
interpretation of the applicability of the RMP ELM suppression technique to ITER is
more straightforward with these two parameters matched to the ITER values. The 2D
equilibrium reconstruction of an ISS plasma [Fig. 1(a)] shows that the outer strike-point
is in the optimal pumping position for good density control using the DIII-D lower outer

cryopump, with lower triangularity djower =0.67, upper triangularity dypper =0.33, and

elongation k=1.8. For reference, the ITER shape parameters are &jgwer =0.67,

dupper =0.33, and K =1.8. The ISS plasmas were typically run with plasma current I, =
1.65 MA, toroidal field By = 1.9 T (with scans in the range I = 1.4-1.7 MA and By =

2. and 1njected neutral beam power Fni= /- 1ving normalize eta
1.75-2.10 T) and inj d I1b p Py 7-10 MW giving lized b
BN = [3/ (Ip / aBT) 1.7-2.4, where a is the minor radius of the plasma and f is the ratio of

plasma pressure to magnetic field pressure. Time histories of a typical discharge (Fig. 2)
show the suppression of the Type-I ELMs within 600 ms after the n =3 RMP from the I-
coil is turned on, similar to results obtained with a lower triangularity shape [39-42].

The spectrum of helical magnetic field perturbations used in these experiments
included n =3 components from the DIII-D internal coil (I-coil), n =1 components from
the DIII-D external error field correction coil (C-coil) and residual n=1, 2 and 3 field

errors from the DIII-D equilibrium field coils. The configuration of the coils [Fig. 1(b)]



includes six toroidal C-coils outside the toroidal field (TF) and equilibrium field (EF)
coils, and two rows of six I-coils mounted on the inside of the vacuum vessel inside both
the TF and EF coils. The I-coils for these experiments were configured for n =3 and the
C-coils were configured for n=1 helicity. The I-coils can be configured for even
up/down parity with upper and lower pairs having current in the same direction or odd
parity with currents in the opposite direction. As described in detail in the following
sections, the effectiveness of the helical field perturbations in ELM suppression appears
to be correlated with the radial extent of the region in which the magnetic islands
produced by the field perturbations overlap. The calculation of the extent of the island
overlap region is done with the SURFMN code [50]. This is a vacuum fields calculation
that does not include the plasma response or rotational shielding effects. For n=3 even
parity, Fig. 3 shows a typical poloidal mode spectrum calculated by SURFMN for
discharges used in these experiments. Best ELM suppression is typically obtained when
the peak in the mode spectrum is pitch aligned with the safety factor in the edge plasma,
as in the example of Fig. 3 where m =-nq(W) is aligned with the local maximum in the

mode spectrum from the separatrix well into the core plasma (WN ~ 0.5). Calculations of

the location and widths of the resulting islands (Fig. 4) during the ELM suppressed phase
of the discharge in Fig. 2 show that the islands are well overlapped in a region of the
plasma edge that is significantly wider than the edge pressure pedestal. For discussion of
magnetic island overlap it is useful to introduce the Chirikov parameter [51]. This
parameter is defined, for any adjacent pairs of magnetic islands, as the average island
width normalized to the inter-island radial spacing. Significant field stochastization is

indicated by Chirikov parameter > 1.0. In the discussion below, the width of the region



for which this criterion is satisfied is obtained from a fit to the radial profile of the
Chirikov parameters for each pair of adjacent islands in the edge. This width, denoted by

Achir>1, Will be used as representative of the width of the island overlap region. In the

example of Fig. 4 Achirs1 / A%?gt = 2.9 during the ELM suppressed phase of the discharge,
where A%?gt is the width of the total pressure profile.

The experiments reported here used five techniques to vary the overlap of the
perturbed magnetic islands in the edge plasma, viz. by varying: 1) the I-coil current, i.e.,

the strength of the applied n =3 RMP, 2) the toroidal field at fixed ggs5 (i.e. I, ~ B;) and

RMP perturbation, 3) the edge plasma density, nged using gas puffing which also
affected the edge bootstrap current and magnetic shear, 4) the range of gg5 values in

combination with the up-down parity of the applied n =3 RMP, and 5) the combination

of n=3 and n=1 perturbations in ggs scans through variation in /. In all cases, the

basic C-coil current was set by an algorithm that calculates the experimentally
determined optimum 7 =1 error field correction current [52]. The algorithm used a linear

combination of two actuators, Ip and the toroidal field coil current, to adjust the C-coil

current and phase for empirical correction of field errors due to the toroidal and poloidal
equilibrium coils. To vary the mixture of n =3 and n =1 fields, the leading coefficient in
the algorithm, “C-coil multiplier,” was increased to add additional n=1 field to the
perturbation spectrum in an attempt to “fill-in” regions of the island profile and achieve

additional island overlap. Parameters from the various scans are compiled in Table 1.



III. EXPERIMENTAL RESULTS

Linear peeling-ballooning (P-B) stability analysis with the ELITE code [53,54]
indicates that in the ISS plasmas, as was the case in lower triangularity plasmas with the
ITER pedestal collisionality, application of n=3 RMPs moves the pedestal plasma
operating point from the unstable region to the stable region [38,55], resulting in
suppression of Type-I ELMs. The linear P-B calculations indicate that the stabilization of
the ELMs by the RMPs is due primarily to a reduction of the density and density gradient
in the pedestal and the corresponding bootstrap current reduction. Although the location
of the stable region in the P-B space parameterized by the pressure gradient and edge
current is somewhat different for the ISS plasmas vs lower triangularity discharges (as
discussed in Ref. [38]) the interpretation of the stabilization mechanism is consistent in
the different shapes.

With fixed plasma shape and safety factor g ~ BT/ I, , parameter scans of: (1) the

n=3 RMP from the I-coil, (2) the n=3 perturbation normalized to the toroidal field,
dbr/Br, at fixed I-coil current, and (3) pedestal plasma parameters using gas puffing at
fixed I-coil current, all show an initial rapid change of the ELM character and pedestal
density at I-coil turn-on with full ELM suppression occurring later in the discharges. Here
dbr is the radial perturbation field. Time histories from the I-coil current scan (Fig. 5) at

fixed BT/ I, show that when the I-coil is first turned on there is a reduction of the

pedestal density and a change in the ELM character (amplitude and frequency) but full
suppression does not occur immediately. ELM suppression does occur progressively
earlier in the discharge as I-coil current increases. After the initial rapid decrease at the I-

coil turn-on, the pedestal density decreases very slowly during the ELM suppression



phase. The scans of dbr/Br at constant I-coil current and constant edge safety factor ggs

were done by lowering the toroidal field and plasma current together on a shot-to-shot
basis. Time histories (Fig. 6) again show an immediate change in ELM character at I-coil
turn-on with full suppression occurring later in the discharge. Finally, the scans of
pedestal plasma parameters at fixed I-coil current were done by adding a supplemental
gas puff from the lower outer SOL region (Fig. 1). Time histories (Fig. 7) show that this
achieved a modest variation in pedestal electron density, temperature and pressure.

A simple model, proposing that a minimum width of the edge region with good
overlap of the magnetic islands from the RMP is related to the achievement of full ELM

suppression, is consistent with observations from the I-coil current, dbr/Bt and nged

scans described above. In each case, multiple time slices at 50 ms intervals were selected
from each shot both before and during the I-coil-on phase. For each time slice a
comprehensive pedestal profiles analysis [56] was done including the effects of the
pedestal impurity profile and fast ion pressure contributions from the beams. The profile
analysis for time slices during an ELMing phase used edge Thomson scattering (7, and
T, ) and charge exchange recombination (CER) spectroscopy (7j, impurity density) data
from the period at the end (80%-99%) of the ELM cycles. For each timeslice during the
ELMing phase, the profiles were obtained by fitting all the data collected from the end of
the ELM cycles for all ELMs in a window (typically 300 ms) centered on the timeslice.
Profiles during the ELM suppressed phases were formed from all the data within a
200 ms window centered on the timeslice. In each case a hypothesis that the
axisymmetric equilibrium separatrix should be one fourth of the pedestal width outside

the point of maximum gradient in the electron temperature profile [57] was used to set



the radial alignment of the profiles with respect to the axisymmetric equilibrium
separatrix at the outer midplane. Hyperbolic tangent fits to the pedestal density and
temperature profiles were then used in axisymmetric equilibrium reconstruction (“kinetic
EFIT”) analysis [58] for each timeslice to calculate the q profile including the effects of
the edge bootstrap current. The current density in the H-mode pedestal region was not
measured in these experiments. Instead, the flux surface averaged current density used in
the equilibrium calculations was set to the sum of the neoclassical bootstrap current,
given by the Sauter expression [49], and the fully relaxed ohmic current using
neoclassical resistivity.

A complete mode spectrum analysis using the SURFMN code [50], including
calculation of the Chirikov parameter profile in the edge, was then done on each kinetic
EFIT including the I-coil n =3 perturbation, the n =1 perturbation from the C-coil, and
the measured n=1, 2 and 3 error fields in DIII-D [59]. This calculation used only the
vacuum fields without any correction for the plasma response, so any effects of screening
of the perturbation fields due to plasma rotation are not included here. A spline fit of the
Chirikov parameter profile was used to determine the width of the edge region with
Chirikov parameter >1.0. The scatter plot of ELM amplitude (from a D, chord viewing
the outer divertor leg) as a function of the width in normalized poloidal flux of the edge
region with Chirikov parameter >1 is shown in Fig. 8. All ELMs within a given kinetic
EFIT 50 ms time window are plotted with the island overlap width for that window.
Although a distribution of ELM amplitudes is observed at all values of the overlap region
width, consistent with the non-linear nature of the ELM instability, the data shows that

the maximum ELM size is well ordered by this width parameter. Data for widths less



than 0.07 (Fig. 8(a)) are from the phase before I-coil turn-on in which islands in the edge
are due only to the applied n=1 error correction fields from the C-coil and the intrinsic

error fields. An expansion of the plot for the range 0.1<A <0.25 is given in

chir>1
Fig. 8(b). The data with widths 0.1 < Acpir>1 <0.165 are from phases with the I-coil on,
including the transient phase immediately after I-coil turn-on, in which ELMs remain.
When the vacuum island overlap width Agpjrs1 >0.165 large Type-I ELMs are

suppressed as shown by the reduction in the maximum D, intensity by at least a factor of

10. The data during the ELMing phase with the I-coil on also suggests decreasing

maximum ELM D, amplitude with increasing vacuum overlap region width.

Scans of the edge safety factor (gg5 = safety factor at 95% poloidal flux) by variation
of the plasma current, I, show that complete suppression of ELMs by application of
RMPs is a resonant phenomenon that depends sensitively on the g-profile. All of the
experiments to date have scanned ¢g5 downward throughout the discharge using an
upward ramp in the plasma current at fixed Bt. Both of the discharges in (Fig. 9) have

3.0 kA in the I-coil and the nominal error field correction current in the C-coil. Each

shows a window in gg5 for ELM suppression during the [, ramp; in shot 128470
extended periods of ELM suppression were observed for 3.46<gg5<3.67, ie,
Aggs =0.21 and in shot 129475 the window for extended periods of ELM suppression
was 3.35 <qg5 <3.42 (Agy5 =0.07). This variation in the resonance window width gives

an indication of the dependence on other parameters. For example, in these discharges the

initial I, ramp rate at the beginning of the discharges were slightly different. As a result,

the discharges developed significantly different core MHD activity; shot 128470 had a



3/2 tearing mode and shot 128475 showed intermittent levels of 1/1 sawteeth during the
time with the I-coil on.

Periods of extremely large reduction in Type-I ELM size and increase in ELM
frequency were observed in low collisionality plasmas atggs ~ 7.5 using n =3 RMPs that
were pitch resonant at high edge- ¢ with the odd parity connection of the upper and lower
rows of the I-coils, providing further evidence that ELM suppression using RMPs is a
resonance phenomenon. The poloidal mode spectrum plot (Fig. 10) for this case shows
good alignment of pitch resonant modes [m = —nq(‘I’N)] with a local peak in the
spectrum in the edge plasma. These plasmas extend to low ITER-like collisionality the
results of previous experiments in high collisionality plasmas using odd parity n=3

RMPs from the I-coil [44-48]. In contrast to the present gg5=7.5, v, ~0.1 case, the
previous v, ~1.0 discharges were run at gos = 3.7 and therefore had very little resonant
field component. Both the present ggs5=7.5, v.~0.1, and the previous g¢gs5=3.7,

v. ~1.0 cases had high levels of non-resonant helical field perturbations due to the odd
parity I-coil connections. In the previous case at high collisionality with odd parity n =3
fields, Type-1 ELMs were replaced by very small, very high frequency Type-1I ELMs
without substantial change in the pedestal parameters [39]. At low collisionality in the
recent experiments (Fig. 11), the Type-I ELM size was substantially reduced (factor of
18) and the frequency substantially increased (factor of 4) [39]. Initial analysis of the
plasma profiles showed that the pressure and pressure gradient were reduced, primarily

due to reductions in the density, as in the low gg5 even parity I-coil plasmas at low

collisionality. However, the ELMs that remained at high gg5 with odd parity RMP had



lower normalized energy loss (AWgpnm/Wpgp ) than the ELMs before the coil turn-on
[39] in addition to the large reduction in absolute energy loss.

The range of g-profiles for which complete ELM suppression is obtained can be
expanded by increasing the n =3 perturbation strength or by increasing the contributions
of n=1 perturbations to “fill-in” the overlap of the edge islands. Scans to explore the

safety factor resonance window for ELM suppression used upward [}, ramps at fixed By

to produce downward ramps of safety factor (Fig. 12). On a shot-by-shot basis either the
current in the I-coil or the current in the C-coil was increased to increase the n=3 or
n=1 perturbation fields respectively. Again the data in Fig. 12(f) shows that the first
response to the turn-on of RMP fields was a reduction of the pedestal density. In these
cases the reduction occurred at significantly higher safety factor (gg5 ~4.2) than in the

cases of Figs. 5(h), 6(f), and 7(f). The D, signals show that the ELM size decreased and
frequency increased slightly but not as much as at lower gg5. As I, was ramped up
slowly (dI, /dt= 0.18 MA/s) a resonance window was found in which ELMs were
essentially suppressed, i.e., only isolated large transients between long periods of ELM
suppression. The range of gg5 over which ELMs were suppressed increased when either
the current in the C-coil was increased [Figs. 12(b,c,d)] or when the I-coil current was
increased [Figs. 12(a,b)]. This distinct window for ELM suppression was seen despite the
observation that, after the initial decrease at I-coil turn-on, the pedestal density varied
very little during the g-ramp. Detailed analysis of the pedestal profiles from these
discharges showed that when ELMs were suppressed by adding additional n=1
perturbation with ggs5 outside the n=3 RMP ELM suppression resonance window, the

pedestal pressure and peak pressure gradient were reduced more than for cases with n =3



perturbation within the n=3 g5 resonance window that produce complete ELM

suppression. So these discharges provide the existence proof that the resonance window
for suppression can be increased with combinations of perturbation spectra with different
toroidal mode number, but they also show that the degradation of the pedestal
performance may be greater when low-rn perturbations are used.

The density reduction that is typically seen when the RMP fields are turned on in low
collisionality plasmas is not as sensitive to the safety factor as is the complete
suppression of the Type-I ELMs. The reduction of the line averaged density and of the
pedestal density [Figs. 5(h), 6(f), 7(f), and 12(f)] is similar in discharges for which the I-
coil (and C-coil) perturbations are turned on at high gg5 prior to a gg5 down ramp
[Fig. 12(f)] and for plasmas with lower ggs at the turn on time [Figs. 5(h), 6(f), and 7(f)].

In addition, the density can be essentially insensitive to the value of gg5 during the I,

ramps despite the sharp sensitivity of complete suppression of the ELMs to the safety
factor. This suggests that the underlying physics determining the pedestal particle balance
response to the RMP (transport and sources) may be different than the physics setting the
resonance window for suppression of the ELM instability. In other words, there may be
other factors determining the sharp resonance window in ¢g-profile for satisfying P-B
stability and achieving complete suppression, besides the change in the pressure profile

due to the change in density profile.



IV. DISCUSSION OF THEORY — EXPERIMENT COMPARISON

The correlation of complete ELM suppression, or order of magnitude reduction in
maximum ELM size, with a minimum width of the vacuum island overlap region
provides a clue to the physics driving the suppression. Another clue is that frequently the
largest change in the pressure gradient, between plasmas at low RMP strength that still
have ELMs and plasmas with higher RMP strength in which the ELMs are suppressed,
occurs in the same region (0.85 < Wy <0.9, i.e., inboard of the steep gradient region) as
the inner edge of the island overlap region. Since peeling-ballooning (P-B) stability
analysis has shown that when ELMs are suppressed by application of RMPs, the
operating point in edge pressure gradient vs edge current density (o —J) space is within
the stable region, the key to understanding why increased island overlap is correlated
with suppression is to understand how overlapping islands in the threshold region
0.85 < Wy <0.9 help to move the edge pressure and the corresponding edge bootstrap
current from the unstable region (consistent with ELMing) toward the P-B stability
boundary. One way to approach this question is to look for differences in the number of
magnetic field lines that are lost, from the threshold region to material surfaces due to the
RMP, between cases at low RMP strength that are ELMing vs cases at higher RMP
strength for which the ELMs are suppressed.

There is a clear increase in both the number of field lines lost and the fraction of the
field lines lost with connection length comparable to the electron-ion collisional mean
free path (mfp), in cases with ELM suppression compared with similar plasmas at lower
RMP strength that do not achieve suppression. Detailed field line tracing indicates that

both the increase in field line loss fraction and the increase in the number of field lines



lost with short connection length extends from the plasma edge in to approximately
Wy =0.85. The field line tracing calculations were done with the TRIP3D code [60]. A
total of 1800 field lines were traced in 10 groups of 180 lines each. The launch locations
of the lines in each group were uniformly distributed spatially on a poloidal flux surface
from the axisymmetric kinetic equilibrium reconstruction. The 10 groups covered the flux
surfaces from 0.75 = W <0.95 in steps of AWy =0.02. The field lines were traced in the
forward direction (toward the outer divertor target) until they either hit the target or they
completed 200 toroidal revolutions. The full 3D geometry of all the vacuum magnetic
fields in the experiment, including those due to the I-coil, the C-coil and the intrinsic
error fields was included. A comparison of the field line loss fraction (i.e., the fraction
that hit the target in less than 200 revolutions) as a function of the flux surface where they
were initially launched, for three of the cases from the I-coil current scan (Fig. 5) is
shown in Fig. 13. This analysis shows increases of between 30%-40% in the fractional
field line loss over the region 0.85 <WN <0.90 for the two ELM suppressed cases at
higher I-coil current (RMP strength) compared with the ELMing case at lower I-coil
current. Smaller increases in the fractional field line loss are observed even further into
the plasma, although the statistical significance of the difference is marginal due to low
sampling rates. The fraction of the field lines that were lost with forward connection
length to the outer divertor target less than two electron-ion collisional mean-free-paths

(mfps) (Fig. 14) also shows an increase across the region of 0.85 < Wy <0.95. Here the
local collisional mfp 4, = 45.7(T")? /(Zeﬁ.nfgd logA) at the origin of the field line in
the pedestal is used for the normalization, where 77’ and n”* are the pedestal electron

temperature and density respectively, and log A =15.2-0.5log(n,) + log(T,) with T"*in



kev and n”*“in 10*m™. The largest relative increase in the fractional loss of these short
field lines is in the region 0.86 <WN <0.89. The change in the fractional loss of field
lines with connection length less than 3 or 5 collisional mfps is even more pronounced in
the region 0.85 < Wy <0.90 (not shown).

These results suggest that changes in the plasma potential in the region
0.85 < Wy < 0.9 may be playing an important role in the physics processes that move the
pedestal operating point inside the stable region of the P-B stability boundary in the ELM
suppressed cases. The plasma from this region that is connected to the divertor targets on
the short field lines will be at a very different potential than the well confined plasma on
nearby field lines that have long (or infinite) connection length. It has been suggested
[61-63] that the electric fields generated by such variations in plasma potential could
produce E x B convection cells that might increase the particle transport within the edge
plasma. This is at least qualitatively consistent with the observations of reduced plasma
pressure gradients, due primarily to reduced density gradients, seen in this region in the
ELM suppressed cases. However, work remains to be done to verify that this model is
consistent with the observations of pedestal density reductions when the RMP is turned
on in plasmas with ¢-profile outside the resonance window for ELM suppression.
Connecting both the insensitivity of the initial pedestal density reduction to the q-profile
at RMP turn-on and the subsequent insensitivity of the pedestal density to variations in
the g-profile during safety factor ramps, with a model asserting that Ex B convective
cells contribute to increased particle transport from inside the top of the pedestal remains

a topic for future analysis.



Finally, although work continues on the basic physics driving the suppression of
ELMs by RMPs, the simple picture described here can provide guidance to initial studies
of candidate coil designs for future tokamaks such as ITER. Recent work surveyed a
range of possible RMP coil designs for ELM control in ITER [50]. In this kind of survey
the first specification that must be made is the current required in the coils to satisfy a
criterion for ELM suppression. From the results reported here, an initial estimate of the
required coil currents for the different candidate designs was made based on a criterion
that the coils must produce a Chirikov parameter greater than 1.0 from the plasma edge to
Wy =0.85. This allowed estimates of the mode spectra of the different designs to be
examined and initial estimates of the space necessary for the conductors to carry the
estimated currents to be made and discussed [50, 64]. Work to refine these estimates will

certainly continue in this area.



V. CONCLUSIONS

ELM suppression was achieved in plasmas with an ISS and pedestal electron
collisionality similar to that expected for ITER, V: =0.1, for a wide range of n=3 RMP
field strength, for a range of combinations of n =3 and n =1 perturbation fields, and for a
range of safety factor profiles. The data indicates that full suppression of Type-I ELMs is
a resonant phenomenon that depends sensitively on the safety factor profile. The range of
q-profiles that achieved full suppression was increased either by increasing the strength
of the n=3 RMP fields, or by increasing the strength of n =1 fields only in combination
with sufficiently strong n =3 fields.

A simple model that proposes that the maximum ELM size observed would be related
to the width of the region in the edge plasma with good overlap of the vacuum magnetic
islands, is qualitatively consistent with the data from I-coil current, Br, and gas puffing

scans in plasmas with the ISS and fixed Bt / I}, ratio such that the g-profile was within

the resonance window for full ELM suppression. Reduction of the ELM size, measured
by D, signals in the divertor, to less than 5% of the ELM size without RMPs is
correlated with vacuum island overlap width in the edge greater than a threshold value.
Initial field line tracing calculations using the vacuum fields showed an increase in the
number of field lines lost with short connection length to the divertor targets, from the
same region as the increase in island overlap in an ELM suppressed case compared with
an ELMing case. This may suggest a role for E x B convection in changing the pedestal
profiles in such a way as to satisfy P-B stability and suppress ELMs.

However, the detailed physics understanding of why the maximum ELM size

correlates with the width of the island overlap region or the fractional loss of short field
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lines using vacuum fields remains for future work. The correlation holds for plasmas with

fixed shape and Bt / I}, ratio such that the g-profile was within the resonance window for

full ELM suppression, in which the vacuum field RMP strength or the pedestal density is

varied. However, in the scans of Ip, at fixed Bt and shape, this correlation is not seen; in
these scans the island overlap region width at higher Bt / I}, ratio during the ELMing

phase is larger than the overlap width during phases with full ELM suppression in which

the Bt / I}, ratio produced a g-profile in the resonance window. In addition, the vacuum

island overlap width does not take into account the response of the plasma to the applied
fields, including the possible screening of the vacuum fields [65,66] by the effects of
plasma rotation. The physics underlying the difference between ELM mitigation
(moderate size reduction and frequency increase) due to RMPs and full ELM suppression
must be determined by including the self-consistent fields within the plasma, but this
analysis is beyond the scope of this paper. The fully self-consistent simulations will likely
identify parameters that order the maximum ELM size data at least as well as the vacuum
island overlap width, and will also show the physics mechanisms leading to that ordering.
However, until those fully self-consistent simulations are available, the model of a
minimum vacuum island overlap width required to achieve full ELM suppression
provides an initial criterion by which to estimate the required currents in candidate coil
designs for future tokamaks including ITER, and then to begin to evaluate the additional
consequences, on other aspects of plasma operation, of applying perturbations of the

estimated required size.
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Table 1. Systems parameters for the five parametric scans considered in this paper.

I_coil C-coil Ip Bt Gas
Scan Parity (kA) Multiplier (MA) (T) dos (TVUs)

I-coil current  Even 0-6.3 1.0 1.68 2.14 3.60 0
dbr/Bt Even 5.8 1.0 1.4-1.68 1.77-2.14  3.60 0
nged Even 4.0 1.0 1.55 1.93 3.53 0.85,

2.20
High gg5 0Odd 0,55,63 1.0 0.81-0.93 1.93 6.30, 0

7.50

n=3+n=1 Even 3.0,4.0 1.0, 1.2, 1.34-1.70 1.93 325418 0
in g-scan 2.0

N



Figure Captions

Fig. 1. Plasma and coil geometry including (a) high triangularity ISS showing the
optimal position of the outer strike point for pumping, the location of the gas injection
used in the pedestal density scan, the location of the D line integrated measurement
used to estimate the ELM size, and the locations of the I- and C-coils, and (b) 3D

rendering of the I-coil and C-coil geometry.

Fig. 2. Time histories of plasma parameters for a typical ELM suppression discharges
showing (a) outer divertor D, intensity (1x1013 phot/ cmz/s/str), (b) I-coil current (kA),

(c) pedestal electron collisionality, v, from [49], (d) confinement factor H(98,y2) from

019

[4], (e) pedestal electron density (1 m ), (f) pedestal electron temperature (keV), and

(g) toroidal rotation near the top of the pedestal (km/s).

Fig. 3. Contours of poloidal mode spectrum of n=3 perturbation from the I-coils
configured with even parity as a function of poloidal mode number and normalized

poloidal flux in the plasma. For oppositely directed Bt and I, in DIII-D, resonant modes

from the I-coil have negative poloidal mode number. Pitch resonant modes with

m =-nq(WN) are shown by the blue dashed line.

Fig. 4. Radial profiles of magnetic and plasma parameters at 2500 ms in the plasma of
Fig. 2 including the structure of the magnetic islands from the I-coil (n =3, red), C-coil
(n =1, black) and intrinsic error fields (n =2, green and contributions to n =1,3) aligned
in pitch resonance with the experimental g-profile. Also shown are the profile of the

calculated Chirikov parameter and the fit used to determine the width of the region with
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Chirikov parameter >1.0. Vertical dashed lines indicate separatrix of axisymmetric

equilibrium (WN = 1) and location of Chirikov parameter =1.0 from the fit (II’N = 0.83).

Profiles of the total plasma pressure, the gradient of total plasma pressure, and the
corresponding edge parallel current (including the bootstrap current contribution) are

shown for comparison. The edge pressure pedestal is shown by the shaded region.

Fig. 5. Time histories of multiple discharges in the scan of I-coil current, showing (a-f)
D, intensity (1013 photons/ cm?/s/str), for each discharge, and (g) pedestal electron

: 19 -3 - 11/3 -4
density (10 m™). I-coil current and 0b; Bt are (a) 0 kA, 0, (b) 4.0 kA, 3.0x107~,

(c) 4.8 kA, 3.7x1074, (d) 5.3 kA, 4.0x107, (e) 5.7 kA, 4.4x10™%, (f) 6.3 kKA, 4.9x107%.

I-coil turn-on indicated by green dashed line.

Fig. 6. Time histories of multiple discharges in the scan of db;/Bt at constant By / I,

showing (a-c) D, intensity (1013 photons/ cmz/s/str), for each discharge, (d) I, (MA),

and (e) pedestal electron density (1019 m'3). I-coil current= 5.7 kA. Bt and 6br1 1/3 / Bt

is (a)2.14 T and 4.4x107%, (b) 1.95T and 4.7x107%, (¢) 1.75 T and 5.3x107%. I-coil

turn-on indicated by green dashed line.

Fig. 7. Time histories of multiple discharges in the scan of pedestal pressure by gas

puffing, showing (a-d) D, intensity (1013 photons/ cm?/s/str), for each discharge,

(e) pedestal electron pressure, (f) pedestal electron density (10" m™), and (g) pedestal
electron temperature (keV). Time average gas injection rates were (a) 0.85 TL/s, (b), (c),

(d) 2.2 Tl/s. I-coil turn-on indicated by green dashed line.
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Fig. 8. Peak magnitude of ELM transient on outer strikepoint D, signal as a function of

the width in normalized flux of the vacuum island overlap region with Chirikov

parameter >1.0 (Achir>l) for multiple transients in the discharges from Figs. 6, 7, and 8.

(a) The value of ELM size plotted is normalized to the maximum size of the ELMs in the
H-mode phase prior to application of the I-coil RMP field, (b) plot expanded for

timeslices with the RMP coil on.

Fig. 9. Time histories of parameters from two similar discharges (black and red) with I,
up ramps (gg5 down ramps) used to identify the g-window for ELM suppression with
n=3 RMPs from the I-coil, including (a) I, (MA) and injected neutral beam power Py,

(MW), (b) I-coil and C-coil currents (kA), (¢) g95 and gy (g on axis) from standard

EFITs, (d) pedestal electron density (1019m'3), (e,f) outer divertor D, intensity

(1013 photons/ cmz/s/str), (g) amplitude of odd toroidal mode number core MHD
activity, (h) amplitude of even toroidal mode number core MHD activity. Shaded

regions indicate periods of ELM suppression.

Fig. 10. Contours of poloidal mode spectrum of n=3 perturbation from the I-coils
configured with odd parity as a function of poloidal mode number and normalized

poloidal flux in the plasma. For oppositely directed Bt and I, in DIII-D, resonant modes

from the I-coil have negative poloidal mode number. Pitch resonant modes with

m= —nq(ll’N) are shown by the white dashed line.

Fig. 11. Time histories of parameters from discharges at high gg5 =7.5 with odd parity,

n=3 RMPs from the I-coil, including (a-c) D, intensity (1013 photons/ cm?/s/str), for
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each discharge, (d) pedestal electron density (1019 m™3). T-coil current, qo5 and

561" /By are (a) 0kA, 7.5, 0, (b) 5.7KA, 6.2, 0.70x1074, (c) 6.3 KA, 7.5, 0.78x107%.

I-coil turn-on time indicated by green dashed line.

Fig. 12. Time histories of parameters from discharges with different combinations of
n=3 RMP from the I-coil and n =1 perturbation from the C-coil, including (a-c) D
intensity (1013 photons/ cmz/s/str), for each discharge, (d) gg95 from standard EFITs, (e)

019

pedestal electron density (1 m™1). I-coil current, 6br1 1/3 / BT, and C-coil current are

(a) = 4.0 kAt, 3.2x107™%, 9.6 kAt, (b) 3.0 kAt, 2.5x107%, 9.6 kAt, (¢) 3.0 kAt, 2.5x1074,

4.8 kAt. I-coil turn-on time indicated by green dashed line.

Fig. 13. Results from the field line tracing calculations as functions of normalized
poloidal flux for the 4.0 kAt (black), 5.3 kAt (green) and 5.7 kAt (red) cases in the I-coil

current scan (Da traces in Figs. 5b,d,e), showing fraction of field lines that strike the

outer divertor target.

Fig. 14. Fraction of field lines lost to the outer divertor target with connection length less

than two electron-ion mean free path lengths for the three discharges of Fig. 13.
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